Chronic intermittent hypoxia modulates eosinophil-and neutrophil-platelet aggregation and inflammatory cytokine secretion caused by strenuous exercise in men. J Appl Physiol 103: [305][306][307][308][309][310][311][312][313][314] 2007. First published April 26, 2007; doi:10.1152/japplphysiol.00226.2007.-Although acclimatization to intermittent hypoxia (IH) improves exercise performance by increasing oxygen delivery and utilization, the effects of chronic IH on platelet-leukocyte interaction and inflammation-related cytokine secretion caused by strenuous exercise remain unclear. This investigation elucidates how two intensities of IH influence eosinophil-and neutrophil-platelet aggregation (EPA and NPA) as well as pro-and anti-inflammatory cytokines mediated by strenuous exercise. Twenty healthy sedentary men were randomly divided into severe (SIH) and moderate (MIH) IH groups; groups were exposed to 12% O 2 (SIH) and 15% O2 (MIH) for 1 h/day, respectively, for 5 days/wk for 8 wk in a normobaric hypoxia chamber. Before IH intervention, 1) exercise up to maximal oxygen consumption promoted shear stress-, LPS-, and N-formyl-methionyl-leucyl-phenylalanine-induced EPA, increased IL-1␤ and malondialdehyde levels, and decreased total antioxidant levels in plasma and 2) exposure to 12% O 2, but not to 15% O 2 for 1 h, enhanced LPS-induced EPA and reduced plasma total antioxidant levels. After IH for 8 wk, hypoxia-and exercise-promoted EPA, IL-1␤, or malondialdehyde levels were suppressed in both MIH and SIH groups, and plasma IL-6 and IL-10 levels in the SIH group were increased. However, the NPA induced by the shear force and chemical agonists was not changed under the two IH regimens. Therefore, both MIH and SIH regimens ameliorate eosinophil-and platelet-related thrombosis, proinflammatory IL-1␤ secretion, and lipid peroxidation enhanced by strenuous exercise. Furthermore, SIH simultaneously increases circulatory anti-inflammatory IL-6 and IL-10 concentrations. These findings can help to develop effective IH regimens that improve aerobic fitness and minimize risk of thromboinflammation.
-Although acclimatization to intermittent hypoxia (IH) improves exercise performance by increasing oxygen delivery and utilization, the effects of chronic IH on platelet-leukocyte interaction and inflammation-related cytokine secretion caused by strenuous exercise remain unclear. This investigation elucidates how two intensities of IH influence eosinophil-and neutrophil-platelet aggregation (EPA and NPA) as well as pro-and anti-inflammatory cytokines mediated by strenuous exercise. Twenty healthy sedentary men were randomly divided into severe (SIH) and moderate (MIH) IH groups; groups were exposed to 12% O 2 (SIH) and 15% O2 (MIH) for 1 h/day, respectively, for 5 days/wk for 8 wk in a normobaric hypoxia chamber. Before IH intervention, 1) exercise up to maximal oxygen consumption promoted shear stress-, LPS-, and N-formyl-methionyl-leucyl-phenylalanine-induced EPA, increased IL-1␤ and malondialdehyde levels, and decreased total antioxidant levels in plasma and 2) exposure to 12% O 2, but not to 15% O 2 for 1 h, enhanced LPS-induced EPA and reduced plasma total antioxidant levels. After IH for 8 wk, hypoxia-and exercise-promoted EPA, IL-1␤, or malondialdehyde levels were suppressed in both MIH and SIH groups, and plasma IL-6 and IL-10 levels in the SIH group were increased. However, the NPA induced by the shear force and chemical agonists was not changed under the two IH regimens. Therefore, both MIH and SIH regimens ameliorate eosinophil-and platelet-related thrombosis, proinflammatory IL-1␤ secretion, and lipid peroxidation enhanced by strenuous exercise. Furthermore, SIH simultaneously increases circulatory anti-inflammatory IL-6 and IL-10 concentrations. These findings can help to develop effective IH regimens that improve aerobic fitness and minimize risk of thromboinflammation.
platelet-leukocyte interaction; redox status; thrombosis THE MAIN RATIONALE FOR THE clinical use of intermittent hypoxia (IH) concerns the potential cross-protective value of adaptation to one stress, which then provides resistance to another stress (20, 21) . Furthermore, as in the case of acclimatization to chronic hypoxia, the IH is characterized by a progressive increase in pulmonary ventilation (16) , adaptation of the circulatory system to promote the delivery of oxygen to the tissue (17) , and change in the tissue level to optimize the utilization of oxygen (9) . The increases in both the stress resistance and the oxygen delivery and utilization by IH have been suggested to improve exercise performance and be of value in the prevention and treatment of various illnesses (21) .
The accumulation and activation of eosinophils and neutrophil and their subsequent interaction with platelets are critical in determining the severity of inflammation and thrombosis (3, 7, 32) . Some inflammation-related cytokines have been observed to enhance platelet reactivity and subsequently increase the capacity of platelets to adhere to leukocytes (5, 22, 31) . Although previous studies demonstrated that severe exercise enhanced neutrophil-and eosinophil-platelet aggregation (33) and inflammatory cytokine releases (23) , the effects of chronic IH on the thromboinflammatory responses to this exercise remain unclear.
The beneficial or detrimental effects of IH may vary substantially with the concentration of air oxygen exposure and the subsequent change in the circulatory redox status under the IH regimen. Animal studies established that long-term adjustment to hypoxia (10% O 2 ) involved a decrease in the leukocyteendothelial adherence that was caused by an increase in the production of antioxidants (40) . A recent investigation from our group (36) of healthy sedentary men demonstrated that intermittent exposure to 12% O 2 for 4 wk reduced antioxidative capacity and increased the amount of lipid peroxidation in circulation, resulting in the suppression of the vascular endothelial function, impairing vascular hemodynamics. When the concentration of O 2 was set to 15%, the risk of vascular complications was absent (36) . Earlier studies have proved that blood is subjected to oxidative stress during exercise (15) and that the changes of circulatory redox status affect leukocyteplatelet interaction (18) and inflammation-related cytokine releases (6) . Hence, we hypothesize that chronic IH impacts eosinophil-and neutrophil-platelet aggregation and inflammation-related cytokine releases induced by strenuous exercise through modulation of the redox status in circulation, with reactions determined by intervening IH condition.
This work clarifies how two intensities of IH regimens (12% and 15% O 2 for 1 h/day, 5 days/wk for 8 wk, respectively) affect eosinophil-and neutrophil-platelet interactions and inflammation-related cytokine secretion caused by severe exercise. Accordingly, a strategy that involved suitable IH was developed to improve aerobic capacity, while minimizing the risk of vascular inflammatory and thrombotic disorders evoked by vigorous exercise.
METHODS

Subjects and interventions. The Ethics Committee of Chang Gung
Memorial Hospital approved the study protocol, which followed institutional guidelines. Twenty healthy nonsmokers, who did not use medications or vitamins, were infection free and cardiopulmonary risk-free (i.e., blood cholesterol level Ͻ200 mg/dl, blood pressure Ͻ140/90 mmHg, and force expiratory volume in 1 s/forced vital capacity Ͼ80%), and did not have diabetes mellitus, were recruited from Chang Gung University, Taiwan. No subject had engaged in regular physical activity (i.e., exercise frequency Յ1 time/wk, duration Ͻ20 min) for 1 yr. All subjects gave informed consent after the experimental procedures were explained to them. Subjects were randomly divided into moderate intermittent hypoxia (MIH) (n ϭ 10) and severe intermittent hypoxia (SIH) (n ϭ 10) groups. Anthropometric data for MIH and SIH groups did not differ significantly (Table 1) . Subjects fasted for at least 8 h and were instructed to refrain from exercise for at least 24 h before this study. All subjects arrived at the testing center at 9:00 AM to eliminate any possible diurnal effect.
The subjects in the two groups were exposed to 12% (SIH) or 15% (MIH) O2 for 1 h/day, 5 days/wk for 8 wk in an air-conditioned Fig. 1 . Design and time course of the experiment. The subjects in moderate (MIH) and severe (SIH) intermittent hypoxia groups were exposed to 12% (SIH) or 15% (MIH) O2 for 1 h/day, 5 days/wk for 8 wk in an air-conditioned normobaric hypoxia chamber, respectively. Each subject performed a grade exercise test 48 h before and 48 h after IH intervention. Before and immediately after the hypoxia test (i.e., acute exposure to various O2 concentrations) and the grade exercise test at the beginning and end of the two IH regimens, blood samples were colleted from a vein in the forearm to measure hematological parameters, leukocyte-platelet interaction, and inflammation-related cytokines. normobaric hypoxia chamber (Colorado Mountain Room, Boulder, CO), which was maintained at a temperature of 22 Ϯ 0.5°C with a relative humidity of 60 Ϯ 5%; a CO 2 scrubber eliminated CO2 in air (Յ3,500 ppm). All subjects recorded their daily activity via a physical activity questionnaire that was collected every week until the end of this study. During the experiment, subjects did not engage in regular physical activity (i.e., exercise frequency Յ1 time/wk, duration Ͻ20 min). Moreover, their compliance rates to the two IH interventions were 100%.
Exercise and blood collection protocol. Each subject performed a graded exercise test 48 h before and 48 h after IH intervention (Fig. 1) . The graded exercise test on a bicycle ergometer (Corvial 400; Lode, Groningen, The Netherlands) comprised 2 min of unloaded pedaling; the loading increased by 20 -30 W every 3 min until exhaustion [i.e., strenuous exercise up to maximal oxygen consumption (V O2 max)]. Heart rate, minute ventilation (V E), oxygen consumption (V O2), and carbonic dioxide production (V CO2) were measured with an automated system (System 2000, Medical Graphics, Paul, MN). The V O2 max was that value at which the level of V O2 increased Ͻ2 ml⅐ kg Ϫ1 ⅐ min Ϫ1 after at least 2 min, heart rate exceeded its predicted maximum, the respiratory exchange ratio exceeded 1.2, or the venous lactate concentration exceeded 8 mM (37) . Additionally, the ventilation threshold was determined when V E-to-V O2 increased without a corresponding increase in the V E-to-V CO2 ratio and endtidal PO2 increased without a decrease in the end-tidal PCO2 or departure from linearity for V E. Blood pressure was monitored with an automatic blood pressure system (model 412; Quinton, Bothell, WA); arterial O 2 saturation was measured by finger pulse oximetry (model 9500; Nonin Onyx, Plymouth, MN), and blood pH, PCO2, HCO 3 Ϫ , and lactate concentrations were determined with an i-STAT clinical analyzer (ϩCG4; i-STAT, East Windsor, NJ).
Before and immediately after acute exposure to various O 2 concentrations and the strenuous exercise at the beginning and the end of the two IH regimens, blood samples were collected from an anticubital vein by a clean venipuncture (20-gauge needle) under controlled venous stasis of 40 Torr. The first 2 ml were discarded, and then the remaining blood sample was used for the measurements of hematological parameters, leukocyte-platelet interaction, and inflammation-related cytokines (Fig. 1) . The blood cells were counted with the use of a Sysmax SF-3000 cell counter (GMI, Ramsey, MN).
Eosinophil, neutrophil, and platelet separations. Peripheral blood polymorphonuclear leukocytes were isolated from 40-ml whole venous blood by dextran sedimentation, followed by density separation over Ficoll-Hypaque and hypotonic lysis. Eosinophils were then prepared from the polymorphonuclear leukocytes suspensions using a MACS-negative immunomagnetic selection method; neutrophils were isolated positively by human CD16 immunomagnetic microbeads (ϳ50 nm in size and biodegradable), as described previously (33) . Both eosinophils and neutrophils were resuspended in HBSS (Sigma, N  218Ϯ15  216Ϯ14  231Ϯ12  209Ϯ16  H  225Ϯ13  212Ϯ10  226Ϯ12  229Ϯ10  R  220Ϯ12  221Ϯ16  230Ϯ11  215Ϯ15  E 256Ϯ16* 265Ϯ10* 284Ϯ15* 266Ϯ11* St. Louis, MO) with 2 mM CaCl2 (Sigma), at pH 7.4, and adjusted to a concentration of 1 ϫ 10 7 cells/ml. Platelet-rich plasma was prepared by centrifugation at 120 g for 10 min at room temperature. Four milliliters of platelet-rich plasma were then mixed with 8 ml of HBSS in a polypropylene tube with 0.8 ml of albumin (4 g/ml) acting as the "cushion" for these platelets. To prevent platelet activation during the experiment, the following inhibitors were added: 0.05 IU/ml apyrase (Sigma) to remove traces of ADP and 0.05 IU/ml hirudin (Sigma) to remove traces of thrombin. The platelet pellets were obtained after centrifugation at 700 g for 10 min and then adjusted with HBSS to 2 ϫ 10 8 cells/ml (37) . The analyses of eosinophil, neutrophil, and platelet functions were completed within 2 h after cell purification.
Eosinophil-and neutrophil-platelet aggregation. Platelet suspension was incubated with a saturating concentration of monoclonal anti-human CD42b antibody conjugated with phycoerythrin (CD42b-PE) (eBioscience, San Diego, CA) in darkness for 20 min at 37°C. Then, 50 l of platelets (2 ϫ 10 8 cells/ml) were labeled with CD42b-PE, and 50 l of neutrophils or eosinophils (1 ϫ 10 7 cells/ml) were mixed on 1 mg/ml albumin (Sigma)-coated glass (32 mm diameter) and sheared at controlled shear stresses at 37°C for 5 min using a rotational viscometer (CAP2000; Brookfield, Middleboro, MA). The cell mixture was either under static condition (0 dyn/cm 2 , as a negative control) or under constant physiological shear stress (5 dyn/cm 2 , mimicking a venous circuit) for 5 min at 37°C. In some experiments, various stimuli, such as 100 g/ml LPS (a principal component of the outer membrane of Gram-negative bacteria) (Sigma), 1 M N-formyl-methionyl-leucyl-phenylalanine (fMLP; a chemotactic peptide) (Sigma), and 1 M PMA (a PKC activator, as a positive control) (Sigma) were added to the cell mixture, which was then warmed to 37°C for 30 min. These cell mixtures were transferred into polypropylene tubes that contained 2% formaldehyde (Sigma) in PBS, immediately after exposure to various shear stresses and stimuli. The fluorescences from 5,000 events, representing the CD42b-PElabeled platelets that were bound to eosinophils or neutrophils, were then calculated with the use of a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ) (33) . In brief, the eosinophils (or neutrophils) were gated separately from the platelets on the basis of forward or sideward scatter, and then the PE-stained events found in the eosinophil (or neutrophil) gate were expressed as the percentage of definition neutrophil-or eosinophil-platelet complexes. This result shows the percentage of neutrophils or eosinophils that bind platelets (33) .
Inflammation-related cytokines, antioxidants, and malondialdehyde levels in plasma. Before and immediately after acute exposure to various O 2 concentrations and the strenuous exercise at the beginning and the end of the two IH regimens, additional 10-ml blood samples were obtained, placed in cold centrifuge polypropylene tubes containing sodium citrate (3.8 g/dl; 1-9 vol of blood), and immediately centrifuged at 10,000 g for 30 min at 4°C. These plasma samples were stored at Ϫ80°C until assay. Cytokines TNF-␣, IL-1␤, IL-6, IL-8, and IL-10 were quantified by commercially available ELISA kids (R&D Systems, Minneapolis, MN). Total antioxidant was evaluated by the automated ferric-reducing ability of plasma (FRAP) assay (4). Briefly, 300 l of freshly prepared FRAP reagent were warmed to 37°C, and a reagent blank reading was taken (M1) at 593 nm; plasma (10 l) was then added, along with 30 l of H 2O2. Absorbance (A) readings were taken after 0.5 s and every 15 s thereafter during the monitoring period. The change in absorbance (⌬A 593 nm) between the final reading selected and the M1 reading was calculated for each sample and related to⌬A 593 nm of a Fe(II) standard solution tested in parallel (4). Additionally, level of plasma malondialdehyde (MDA) was determined by fluorometric liquid chromatography (1). The mobile phase consisted of 40-to-60 ratio (vol/vol) of methanol to 50 mM potassium monobasic phosphate (Sigma) at pH 6.8, pumped at a rate of 1.0 ml/min on a Hewlett-Packard Hypersil 5 octadecylsilica 100 ϫ 4.6 mm (Altech Associates, Deerfield, IL) placed in a column warmer set to 37°C. Samples of plasma were treated with antioxidant and butylated hydroxytoluene (Sigma) and heat derivatized at 100°C for 1 h with thiobarbituric acid in a H 3PO4 solution (Sigma). These samples were then extracted with n-butanol (Sigma), and 10 l of the extract were injected at 1-min intervals with the use of an autosampler. The fluorescence detector was set at an excitation wavelength of 515 nm and emission wavelength of 553 nm.
Statistical analysis. Data are expressed as means Ϯ SE. The statistical software package StatView IV was applied to analyze the data. The results were analyzed by repeated ANOVA followed by Tukey's multiple range test to compare the aerobic fitness, hematological parameters, platelet-leukocyte interaction, inflammatory-related cytokines, and plasma redox states of MIH and SIH groups at the beginning of the study and after 8 wk. The associations of measurements with TNF-␣, IL-1␤, IL-6, IL-8, and IL-10 concentrations and either MDA or total antioxidants were assessed by the Spearman rank correction test. The criterion for significance was P Ͻ 0.05.
RESULTS
The two IH groups did not differ significantly in anthropometric parameters or basic cardiopulmonary functions at the beginning of the study (Table 1 ). Acute exposure of 12% O 2 increased venous pH and was accompanied by declines in PCO 2 and blood lactate concentration; these effects decayed for 8 wk of SIH (data not shown). After the IH interventions, both SIH and MIH subjects exhibited increased exercise time, work rate, V E, V O 2 , and V CO 2 at ventilation threshold (P Ͻ 0.05), as well as V E, V O 2 , and V CO 2 at maximal exercise performance (P Ͻ 0.05). However, the increase in the cardiopulmonary fitness of the SIH group did not differ significantly from that of the MIH group (Table 1) .
Strenuous exercise increased erythrocyte, total leukocyte (neutrophil, eosinophil, basophil, lymphocyte, and monocyte), and platelet counts, whereas the enhancement of blood cell counts by severe exercise did not have any effect after either SIH or MIH intervention (Table 2) . Although acute exposure to 12% O 2 reduced lymphocyte and monocyte counts (P Ͻ 0.05), such exercise effects did not occur after intervening SIH for 8 wk (Table 2) . However, acute exposure to 15% O 2 followed by intervention of MIH did not affect erythrocyte, total leukocyte, or platelet counts in blood (Table 2) .
At the beginning of this study, 12% O 2 promoted LPS-and fMLP-induced eosinophil-platelet aggregation (P Ͻ 0.05), whereas 15% O 2 did not change the heterotypic cell aggregation (Fig. 2) . However, the enhancement of eosinophil-platelet aggregation by exposure to 12% O 2 was reduced after 8 wk of intervening SIH (Fig. 2) . Although strenuous exercise increased shear stress-, LPS-, and fMLP-induced eosinophilplatelet aggregation (P Ͻ 0.05), interventions of SIH and MIH reduced the extent of exercise-induced eosinophil-platelet aggregation under physical shear force and various chemical stimuli (Fig. 3) . Additionally, acute exposure to 12% or 15% O 2 and strenuous exercise with the intervention of MIH or SIH did not significantly change static -, shear stress-, LPS-, fMLP-, or PMA-induced neutrophil-platelet aggregations (Figs. 2 and 3) .
Before IH intervention, acute exposure to 12% or 15% O 2 did not change TNF-␣, IL-1␤, IL-6, IL-8, and IL-10 levels (Fig. 4) , but the IL-1␤ level (P Ͻ 0.05) did increase in response to strenuous exercise (Fig. 5) . Intervention of IH for 8 wk suppressed the exercise-promoted IL-1␤ production in both MIH and SIH groups (Fig. 5) . Moreover, resting, postexercise, and posthypoxia IL-6 (P Ͻ 0.05) and IL-10 (P Ͻ 0.05) levels simultaneously increased in the SIH group (Figs. 4 and 5) .
Acute exposure to 12%, but not to 15% O 2 , reduced the total antioxidant content (P Ͻ 0.05), whereas strenuous exercise reduced the total antioxidant content (P Ͻ 0.05) and increased the MDA level (P Ͻ 0.05) at the beginning of the study (Table 3) . However, the decrease in the total antioxidant level or the increase in the MDA level due to severe exercise and hypoxia declined after 8 wk of intervention with SIH and MIH (Table 3 ). In relationships between the redox status and the inflammation-related cytokines in plasma, Table 4 shows that levels of plasma IL-1␤ are negatively correlated with total antioxidants (MIH: r ϭ Ϫ0.847, P Ͻ 0.001; SIH:r ϭ Ϫ0.721, P Ͻ 0.001) and positively correlated with MDA (MIH: r ϭ Ϫ0.939, P Ͻ 0.001; SIH:r ϭ Ϫ0.870, P Ͻ 0.001) in both MIH and SIH groups, whereas levels of plasma IL-6 and IL-10 are positively correlated with total antioxidants (IL-6: r ϭ 0.428, P ϭ 0.006; IL-10:r ϭ 0.432, P ϭ 0.005) and negatively correlated with MDA (IL-6: r ϭ Ϫ0.318, P ϭ 0.045; IL-10: r ϭ Ϫ0.332, P ϭ 0.037 ) in only the SIH group.
DISCUSSION
By elucidating the relationship between chronic IH intervention and eosinophil and neutrophil aggregation or inflammation-related cytokines, this study attempts to provide a strategy for developing a suitable IH regimen that would improve 2) chronic MIH and SIH suppress eosinophilplatelet aggregation, proinflammatory cytokine IL-1␤ production, and lipid peroxidation caused by severe exercise or acute hypoxia; and 3) plasma levels of anti-inflammatory cytokine IL-6 and IL-10 increased simultaneously after SIH intervention. Previous works have claimed that vigorous exercise increases the risk of major vascular thrombotic events and transiently increases the incidence of primary cardiac arrest (2, 26) . Platelet and leukocyte colocalizations at the wall of damaged or stimulated blood vessels are essential components of a multiple cascade in thrombosis and inflammation (3, 7) . Eosinophilic inflammatory is a principal factor in the pathogenesis of allergic disease (39) , and neutrophils play an important role not only in bacterial infection but also in respiratory distress syndrome and asthma (28) . Activated eosinophils and neutrophils produce oxygen metabolites, such as superoxide (30) , which act as disinfectants and cause tissue injury at the inflamed lesion. Platelets contribute to the secondary tethering processes of the eosinophils and neutrophils to activated endothelium, promoting thrombotic formation and vascular occlusion, thereby decreasing blood flow and exacerbating tissue ischemia (3, 7, 32) . A recent investigation found increases in eosinophil-and neutrophil-platelet aggregations and subsequent reactive oxygen species production of eosinophils and neutrophils after sustained strenuous exercise (80% V O 2 max for 40 min); the effect of exercise on heterotypic cell aggregation was more pronounced in platelet interaction with eosinophils than with neutrophils (33) . The aforementioned findings were consistent with some of the results in this study concerning progressive vigorous exercise [gradually increased in intensity until exhaustion is reached (V O 2 max )]. Our results indicated that this exercise promoted eosinophil-platelet aggregation induced by shear force and inflammatory stimuli, such as LPS and fMLP. Such heterotypic adhesive interactions, strengthened by severe exercise, may promote inflammatory responses and accelerate thrombus formation in microcirculation.
Previous investigations have shown that oxidative stress increased the binding of leukocytes to surface-adherent platelets and enhanced the capacity of the heterotypic cell aggregates to withstand physiological or pathological flow shear stress (34, 35) . As is well known, blood undergoes oxidative stress during hypoxia (24) , and oxygen-derived free radicals generated by hypoxia facilitate a rapid microvascular inflammatory response that is characterized by enhanced leukocyteendothelial adherence and emigration increasing vascular permeability (41) . Conversely, acclimatization to chronic hypoxia weakened the leukocyte-endothelial interaction by promoting the production of antioxidants (11, 40) . In addition, heavy exercise was observed to suppress antioxidative capacity of leukocytes by decreased superoxide dismutase activity and ␥-glutamylcysteinyl glycine content (38) . In this work, a single exposure to 12% O 2 and severe exercise reduced the antioxidative capacity of blood and simultaneously accelerated the formation of eosinophil-platelet aggregates under shear flow and various inflammatory conditions. However, intermittent exposures to 12% and 15% O 2 for 8 wk inhibited the generation of oxidative stress during severe exercise and simultaneously suppressed the eosinophil-platelet aggregation that was promoted by this exercise. These findings imply that, although severe hypoxia (12% O 2 ) as the period can disturb blood redox homeostasis toward pro-oxidative status, chronic IH interventions are required to adapt the body's antioxidative enzyme systems, which may, in turn, suppress the eosinophilplatelet aggregation induced by oxidative stress that is generated from severe exercise, further protecting individuals against risks of thrombosis and inflammation evoked by severe exercise.
Systemic inflammation is involved in the pathogenesis and progression of atherosclerosis and other cardiovascular diseases (10) . In the inflammation-related cytokine cascade (13), TNF-␣ and IL-1␤ are initially released from the site of inflammation and are then referred to as proinflammatory cytokines in the early stage; then, IL-6 (27) and IL-10 (25) are released, having an anti-inflammatory effect by inhibiting the production of TNF-␣, IL-1␤, and chemokine IL-8. Numerous studies have shown that some cytokines such as IL-1␤ promote platelet reactivity and the capacity of activated platelets to adhere to leukocytes by modulating the expression of adhesion molecules on platelets and leukocytes (5, 22, 31) . According to previous investigations, vigorous, resistive, or eccentric exercises increased the amount of IL-1␤ released from exercising muscles, but this cytokine remained unchanged in response to aerobic and submaximal exercise (8, 14, 23, 29) . The findings of this work were similar, as strenuous, acute exercise increased IL-1␤ concentration in blood. However, chronic SIH and MIH interventions ameliorated such effects of exercise on IL-1␤. The mechanisms by which the two IH regimens decrease the amount of circulatory IL-1␤ induced by severe exercise are unclear. A possible reason is that chronic IH increases circulatory anti-inflammatory cytokine levels, such as IL-6 and IL-10, to inhibit the production of IL-1␤ during severe exercise. Although recent evidence has demonstrated an increase in plasma IL-6 level after chronic high-altitude exposure (12, 19) , the IL-10 response to chronic IH has been not examined. This study demonstrated increases in circulatory IL-6 and IL-10 levels after SIH for 8 wk, and higher levels of either IL-6 (r ϭ Ϫ0.316, P ϭ 0.046) or IL-10 (r ϭ Ϫ0.320, P ϭ 0.044) were associated with lower IL-1␤ levels in plasma (data not shown), which is a change that seems plausibly to explain why chronic SIH inhibits the secretion of IL-1␤ by severe exercise. Although the decline in exercise-induced IL-1␤ secretion by chronic MIH was not associated with changes in circulatory IL-6 and IL-10 levels, circulatory IL-1␤ levels were negatively correlated with antioxidants (r ϭ Ϫ0.847, P Ͻ 0.001) and positively correlated with MDA (r ϭ Ϫ0.939, P Ͻ 0.001) in the MIH group. Because circulatory redox status affects the generation of inflammation-related cytokines (6), we speculate that the suppression of exerciseinduced oxidative stress by chronic MIH may help to prevent exercising muscles from oxidative damage and further reduce the release or production of IL-1␤ during exercise. As in numerous other investigations, one limitation of the present work is that the subjects used tended to be young and healthy, and thus further clinical evidence is required to extrapolate the present results to patients with abnormal or diseased cardiovascular systems.
In conclusion, both SIH and MIH for 8 wk improved the aerobic fitness of subjects by enhancing pulmonary ventilation and tissue O 2 utilization. Moreover, the two IH regimens can also simultaneously suppress eosinophil-and platelet-related thrombosis, proinflammatory cytokine IL-1␤ production, and lipid peroxidation caused by vigorous exercise. Additionally, chronic SIH is associated with increased contents of anti-inflammatory cytokines IL-6 and IL-10 in circulation. These experimental findings can help to determine effective IH regimens to increase aerobic capacity and minimize the risk of inflammatory and thrombotic disorders associated with exercise.
